ABSTRACT Fixed-pattern noise seriously affects the clinical application of optical coherence tomography (OCT), especially, in the imaging of tumorous tissue. We propose a Hough transform-based fixed-pattern noise reduction (HTFPNR) method to reduce the fixed-pattern noise for optimizing imaging of tumorous tissue with OCT system. Using by the HTFPNR method, we detect and map the outline of fixed-pattern noise in the OCT images, and finally efficiently reduce the fixed-pattern noise by the longitudinal and horizontal intelligent processing procedure. We adopt the image-to-noise ratio with full information (INR fi ) and the noise reduction ratio (NRR) to evaluate the outcome of fixed-pattern noise reduction ratio, respectively. The INR fi of OCT image's noise reduction of ex vivo brainstem tumor is approximate 21.92 dB. Six groups of OCT images, including three types of fixed-pattern noises, have been validated via experimental evaluation of the ex vivo gastric tumor. In the different types of fixed-pattern noise, the mean INR fi s are 25.24, 23.04, and 19.35 dB, respectively. This result demonstrates that it is highly efficient and useful in fixed-pattern noise reduction. The fluctuating range of the NRR is 0.84-0.88 for three types of added noise in the OCT images. This result demonstrates that the HTFPNR method can as possible as save useful information by comparing to previous research. This proposed HTFPNR method can be used into the fixed-pattern noise reduction of OCT images in other soft biological tissue in the future.
I. INTRODUCTION
Optical coherence tomography (OCT) is a noninvasive, and label-free imaging technique for the image acquisition of the cross-sectional semi-transparent biological tissue [1] . OCT can provide the millimeter-size deep [2] - [4] . Imaging quality is limited by the biological-tissue scattering, which decreases with the increase of the light's wavelength [5] - [8] .
The high image quality of an OCT system is important to help realize the real-time identification of diseased tissue in the integration of diagnosis and therapeutic [9] - [12] . Recently, some researchers focus on the novel system construction [13] , coherence signal processing, and image processing to improve the readability of OCT images [14] . Fixed-pattern noise [15] will directly influence the identification of tumorous or cancerous tissue in the OCT images, so that there are misjudgments in the diagnosis of conventional surgical guidance or novel theranostics. Hence, the fixed-pattern noise reduction is significant for the assisting the surgeons to implement the precision identification of the tumorous tissue.
Fixed-pattern noise of the OCT image in horizontal and longitudinal orientation results from the abrasion of an OCT system's component and the strong reflection on the surface of biological tissue, respectively. In the longitudinal orientation, it is also called as central artefact [16] . Methods of subtracting the ensemble average of spectra and a naïve Bayes mask-based binary mask have been developed to eliminate the autocorrelation artefacts and background noise reduction, respectively [17] , [18] . OCT image is acquired through subtracting mean value of the background image in the lines of an OCT system [19] , this method of background noise reduction improves the quality of coherence and cross-sectional images. Furthermore, other methods have been proposed through the ways to improve the performance of the hardware and software for the removal of the fixed-pattern noise. On the hardware side, the balance detection method [20] and the graphic processing unit (GPU) assisted partial median subtraction method [21] also can efficiently reduce the fixedpattern noise. However, these methods increase the system cost and additional power. On the software side, spectral reduction-based methods [22] , [23] also can remove the fixed-pattern noise. The histogram-based denoising algorithm [24] and an aligning interferogram method [25] can reduce the fixed-pattern noise. However, these methods remove the useful information to some extent. Most of above methods have the same characteristics, which are only suitable to reduce horizontal fixed-pattern noise. Fixed-pattern noise intuitively simulates a quasi-straight line. The Hough transform-based noise reduction algorithms have been developed to segment special tissue in OCT image [16] , [26] . Hough transform [27] - [32] is usually used to detect a straight line [33] - [35] . Hence, we point that the useful tool for detecting the straight lines or quasi-lines in tumorous tissue OCT images includes Hough transform and intelligent processing method, which can remove fixed-pattern noise effectively.
In this study, to remove fixed-pattern noise, we propose a practical Hough transform-based fixed-pattern noise reduction (HTFPNR) method, which can detect and remove the horizontal and longitudinal fixed-pattern noise of OCT images of a tumorous tissue, and the useful information can be saved completely for tumor imaging. This approach does not increase hardware costs of Fourier domain OCT (FD-OCT) system. The proposed method is applied into a FD-OCT system with high fixed-pattern noise suppression. The evaluation experiment of the noise suppression has been conducted about OCT images of the ex vivo brainstem and gastric tumor, and the evaluation index NRR and INR fi is computed to demonstrate the results of fixed-pattern noise reduction.
II. METHODS
The raw signal, which is the light intensity spitted by a spectrometer, is obtained by the linear charge-coupled device (CCD). An acquired line signal includes the interference signal between reference and sample arm; it can be expressed as Eq. (1) [36] :
where T and R represent power transmissivity and the reflectivity of a beam splitter, respectively; k is the wave number; s(k) is the light source spectral intensity; R r is the reflectivity of the reference arm; R i , R j is the reflectivity of the sample arm; and h i , h j is the localization of different sample depth. Eq. 1 can be used to transform signal into a mapping relationship between wavenumber domain and opticalpath difference domain. The acquired coherence signal is a function of wavelength domain. Furthermore, the relationship between wavenumber k and wavelength λ can be expressed as k = 2π λ . To reconstruct B-scan OCT image, the inverse fast Fourier transform (iFFT) of the interpolated wavenumberdomain interference signal demonstrates that depth profile reaches micrometer level.
A. BACKGROUND NOISE REDUCTION USING TWO-STEP FILTERING METHOD
Our aim is to subtract background noise from an OCT coherence signal and/or image. We propose a two-step filtering method for background noise reduction before the reconstruction of OCT image. The first step is to acquire the signal reference arm through the raw interference signal. The second step is to apply a median filter to process the coherence signal by treating the mirror as a sample. Furthermore, we acquire the filtered signal, which excluded the background component. The length of the median filter affected the result of the processed signal. Therefore, we choose better results with respect to the length of median filter.
We process the interpolative data by adding the Taylor window and applying the iFFT in the interference signal to acquire the sample's depth-resolved profile, which is the image function. The function can be expressed as Eq. (2):
Where I (k) is the intensity of the interference signal,
is the light intensity of the reference arm, and the window is chosen as the Taylor window. This processing flow chart is same as the part of the direct component and background noise reduction (Fig. 1) . The OCT image is reconstructed post background noise reduction.
B. HORIZONTAL MEAN REMOVAL-BASED PREPROCESSING METHOD IN TUMOROUS TISSUE'S OCT IMAGE
For preprocessing the OCT image of ex vivo tumor specimens, we conduct a horizontal mean-based noise removal method to reduce the partial fixed-pattern noise of OCT images. The acquired M-by-N OCT image I can provide the huge convenience for the post-processing. This procedure of noise reduction is as follows (Fig. 2) . Thirdly, reducing the fixed-pattern noise preliminarily. Subtract the mean value − → M in accordance with the line of matrix I (M-orientation). The output matrix I is the OCT image with the fixed-pattern noise reduction.
The image will afford feasible access to enhance the fixedpattern noise reduction to the following processing. The output OCT images can afford the original effects on fixedpattern noise reduction with the horizontal mean-based noise removal.
C. FIXED-PATTERN NOISE REDUCTION WITH HTFPNR METHOD IN TUMOROUS TISSUE'S OCT IMAGE
In order to increase the attenuation of different types of fixedpattern noise, a HTFPNR method has been proposed for the OCT imaging of tumorous tissue post horizontal mean removal. The flowchart of the HTFPNR method is as shown as in Fig. 3 . The method is based on the Hough transform algorithm, which detects the Hough lines and searches points around the Hough lines, to detect the lines and points in OCT images of ex vivo brainstem and gastric tumor. The fixedpattern noise has some different types as shown in Fig. 3 (pointed by the green arrows). All images are processed in MATLAB. The Hough transform is implemented by the function hough, houghpeaks and houghlines. The function hough implements the Standard Hough Transform. Edge detection uses the function edge. Canny operator is used into detecting the image edge. The detailed processing procedure is described as following steps:
Step 1. Input raw OCT images of the tumorous tissue and initialize the parameters and pre-processing (translate the RGB images to gray images).
Step 2. Perform the Hough transform to gray images: acquire two points of every line (start-points and end-points) and the rotation angle |theta| of every Hough line; and use the two points to get the Hough line equation.
Step 3. Utilize the rotation angle |theta| to judge the lines whether horizontal or longitudinal lines (|theta| is approximately equal to 0 or 90 degree, respectively). thre1 and thre2 are the thresholds of the rotation angle of the lines. If |theta| is less than thre1, the line is treated as horizontal fixed-pattern noise; If |theta| is more than thre2, the line is treated as longitudinal fixed-pattern noise.
Step 4. Compute the distance between every pixel and the Hough lines in OCT image to find the point around the Hough lines.
Step 5. If the line is horizontal, we find the distance is not lower than threshold n, and let the grayscale of these pixels equal to zero. If the line is longitudinal, we find the distance is not lower than threshold n, and interpolate the grayscale of these pixels with the nearest points.
Step 6. Search the upper boundary of the tumorous tissue in OCT images (the image above the boundary of the tumorous tissue has nothing), therefore, let the grayscale of these pixels equal to zero.
Step 7. Compute the evaluation index of fixed-pattern noise reduction, which is measured by INR fi (Eq. (3)), the index will give the quantitative evaluation effect of the fixed-pattern noise reduction of the tumorous tissue's OCT images.
Step 8. End the processing and output the OCT images without the fixed-pattern noise.
D. EVALUATION OF THE NOISE REDUCTION RATIO
In order to evaluate the noise reduction, we conduct the noise reduction ratio (NRR) to compute the noise reduction index of OCT images, which include the added noise that is reduced by the HTFPNR method. The NRR is defined to demonstrate the performance of our algorithm, as Eq. (3):
where I noise_filtered and I add_noise are the intensities of the added noise and noise removed using the algorithm, respectively. Moreover, we use the INR fi to validate the fixedpattern noise reduction for OCT images of ex vivo tumor specimens. The INR fi gives the power ratio between OCT image and its fixed-pattern noise for the biological tissue. The INR fi can be defined as Eq. (4):
VOLUME 6, 2018 where N is the total number of pixels, and I filtered is the image intensity without the fixed-pattern noise, I noise is the noisy image intesinty. The ex vivo brainstem tumor and gastric tumor has been imaged and analyzed. We compute and contrast the INR fi of different types of the fixed-pattern noise in our OCT images of ex vivo brainstem and gastric tumors. There are three types of the artefact: artefact pattern I, artefact pattern II and artefact pattern III in OCT images of ex vivo gastric tumor. Pattern I has only horizontal fixed-pattern noise, Pattern II has horizontal and single longitudinal fixed-pattern noise, and Pattern III has horizontal and multiple longitudinal fixedpattern noise. These types of the fixed-pattern noises are as shown in Fig 3 ( pointed by green arrows in the OCT images). The OCT images on the left show the artefact pattern I and artefact pattern II, and the green arrows point to the horizontal fixed-pattern noise. The OCT images on the right show the artefact pattern II and artefact pattern III, the green arrows point to the longitudinal fixed-pattern noise. They include most types of fixed-pattern noises in our OCT images. Therefore, we analyze the differences of these types of INR fi and summarize the effects of the fixed-pattern noise reduction with the HTFPNR methods with the OCT images of the ex vivo brainstem and gastric tumors.
III. EXPERIMENTS AND RESULTS
For the purpose of producing a spectral signal and acquiring an interference signal, we designed an OCT system to scan the tumorous tissue. This OCT system is as shown in Fig. 4 (a) ). The central wavelength and bandwidth of the temporal coherence light source determine the longitudinal resolution of OCT, and its spatial coherence has an important influence on lateral and longitudinal resolution.
The light of a near-infrared broadband source is coupled with optical fiber; the source has the central wavelength of 1310 nm and full-width at half maximum bandwidth of 82 nm, respectively, at maximum drive current (Miunilite series, Bayspec, California, USA). The engine had an integrated Volume Phase Grating spectrograph (DeepView OCT Shortwave-infrared Series, Bayspec, California, USA), and the linescan camera had an InGaAs detector (SU1024LDM, GOODRICH, North Carolina, USA) with high sensitivity to near-infrared light. Coherence signal is detected by the spectrometer and infrared camera. The fiber coupler includes the single mode fiber (TW1300R5A2, THORLABS, New Jersey, USA), whose bandwidth was approximately 100 nm and center wavelength was 1310 nm. Furthermore, a two-dimensional image (B-scan) can be captured by the scanning of the one-dimension galvanometer mirror scanner (GVS001, THORLABS, New Jersey, USA). Subsequently, the signal is digitized by an image acquisition card (NI-IMAQ PCIe-1427, National Instruments, Texas, USA). The depth-resolved profile (A-line) is obtained by the IMAQ through converting the interference signal detected into linear k-space. The sample arm has an electrical-controlling moving platform. This platform conveys tumorous tissues, such as brainstem and gastric tumors. It can be adjusted to appropriate light path difference to acquire more high-definition OCT images.
User interface of the OCT system is designed and setup with LabWindows/CVI (2013, National Instruments, Texas, USA). It is used as a tool for signal processing, image acquisition and storage. The user interface displays the raw coherence signal, its iFFT and tomographic image of biological tissue. The physical setup of the OCT system is as shown in Fig. 4 (b) . According to the scanning method of galvanometer mirror, the speed frequency of scanning could be set to 0.25 Hz, and it depends on the speed of the image acquisition. The theoretical axial and longitudinal resolutions of the OCT system are approximately 10.0 µm and 9.2 µm, respectively.
A. RESULTS OF BACKGROUND NOISE REDUCTION OF COHERENCE SIGNAL
We applied the algorithm of background noise reduction in interference signal processing. Simultaneously, the directed component of coherence signal decreased through performing this method. Before the processing, the depth-resolved profile demonstrated that the directed component remained significantly. After removing the background noise, the signal was processed by the median-filtering method and the Taylor window function was added.
We demonstrated the iFFT results of a raw interference signal through background noise subtraction. The light intensity of the reference arm was obtained by the OCT system through keeping the light out of the sample arm. Then, we subtracted the reference arm light intensity from the interference signal to reduce the background noise. We obtained the best result using the median filtering width of 40 sampling points after VOLUME 6, 2018 several attempts. Finally, the attenuation of directed component reached up to 6.14 dB.
B. RESULTS OF THE HTFPNR METHOD OF EX VIVO BRAINSTEM TUMOR OCT IMAGES
The imaging experiments of the brainstem tumor specimen were conducted. Experimental ex vivo brainstem tumorous specimens were obtained during neurosurgery for the tumor resection and immediately put into frozen pipes (Fig. 5(a) ); the frozen pipes were then put in liquid nitrogen. The resection was imaged by our OCT system.
Following the analysis, the brainstem tumorous specimens were 4.5% formalin fixed and were embedded with paraffin for standard histological analysis and processing: which includes fixing, dehydrating, paraffin inclusion etc. Histological sections were evaluated by pathologists. Here, the size of brainstem tumor was not enough to support the scanning of the OCT imaging. We just chose the appropriate size of OCT image for utilizing the effective information.
We acquired OCT images of the brainstem tumor specimen and horizontal mean of OCT image (Figs. 5(c) and (d),  respectively) . The effect of horizontal mean removal is as shown in Fig. 5(e) , and its horizontal mean is as shown in Fig. 5(f) . In these subfigures, the red arrow points to fixedpattern noise. The HTFPNR method is used to process the OCT image. Figs. 5(g) -(h) demonstrate the results of fixedpattern noise reduction for OCT images of brainstem tumor. (g) is the detected Hough line in the edge-detection image, which overlaps to the fixed-pattern noise; (h) is the OCT image after the processing of HTFPNR method to reduce fixed-pattern noise; (i) is the horizontal mean corresponding to (h). The INR fi reached about 21.92 dB. In the subfigures (d) and (i), we can get the effect of fixed-pattern noise reduction (as the red arrow pointing to), the attenuation of fixedpattern noise is significant.
C. VALIDATION EXPERIMENTAL RESULTS OF THE HTFPNR METHOD OF EX VIVO GASTRIC TUMOR'S OCT IMAGES
Experimental OCT images of the ex vivo gastric cancer were obtained during the neurosurgical procedures for surgical tumor resection from operating room (Fig. 6(a) ). To validate the method, the resected specimen was imaged by another FD-OCT system. The FD-OCT system has same features of the ex vivo specimens of tumorous tissue. The imaged position was where the red arrow points to (Fig. 6(a) ), and it is the boundary between normal tissue and tumorous tissue of the gastric tumor specimens through experienced surgeon's identification. Due to current standard procedure of histological section is separated and complicated. Therefore, the observation location was not absolutely match to histological section. The observation location of histological section was as much as possibly close to the imaging location with the FD-OCT system by labeling the feature points. The specimens were 4.5% formalin fixed and were embedded with paraffin for standard histological analysis. Histological sections were evaluated by pathologists (Fig. 6(b) ).
We acquired OCT image of ex vivo gastric cancerous specimen (Figs. 6(c), (d) and (e) ). The OCT images had pixels of 450×300, and the size of OCT image was approximately 15 mm × 5 mm. The fixed-pattern noise has three types: artefact pattern I, artefact pattern II and artefact pattern III as previous described. The validation of the fixed-pattern noise reduction with HTFPNR method is as shown in subfigure (6) in the Figs. 6(f), (g) and (h). The effect of fixed-pattern noise reduction was significant and high efficient. A noteworthy tomographic structure of cancerous tissue is as displayed in Fig. 6(d) and (e). Furthermore, fixed-pattern noise reduction of three types has been displayed subfigures (1)- (6) 
D. VALIDATION EXPERIMENTAL RESULTS OF THE HTFPNR METHOD OF EX VIVO GASTRIC TUMOR'S OCT IMAGES WITH SIMULATED FIXED-PATTERN NOISE
For validation of the different types of fixed-pattern noise reduction, we calculated the INR fi of the denoised OCT images with these three types. Six groups of the INR fi s about OCT images had been given about the ex vivo gastric tumor. The INR fi of OCT images with the fixed-pattern noise reduction is approximately 22.00 dB (Fig. 7(a) ). As the intensity of different types of the fixed-pattern noise increases, the INR fi s have a downward trend, and this trend accords with the rule of noise reduction. We also get the means and variances of the INR fi s with regard to six groups of OCT images. The means of INR fi are 25.24 dB, 23.04 dB and 19.35 dB, and the standard deviations of the INR fi are 5.94 dB, 10.61 dB and 2.57 dB (Fig. 7(b) ). The means of INR fi have same characteristics (Fig. 7(a) ), it demonstrates that the HTFPNR method has different effects with the different types of fixedpattern noise. The INR fi s show that there is high-SNR noise reduction in the OCT images of the tumorous tissue.
For evaluate the reduction of three types of fixed-pattern noise, we added the simulated fixed-pattern noise with arbitrary power value P mn (50, 60, 70, 80, 90, 100 dB) to the denoising OCT image of the ex vivo gastric tumor. These OCT images with added noise is as shown in subfigure (1) in the Figs. 8 (a, b, c) . The detected lines with different colors are shown in subfigure (2) in the Figs. 8 (a, b, c) , corresponding to Pattern I, II, III, respectively. The NRRs were computed and they reached the minimum value of 0.84 and the maximum value of 0.88 of three types of fixed-pattern noise (Table 1) , respectively. Comparing to previous research [24] (Table 2) , the NRRs of the proposed HTFPNR method is less than 1.00, generally. It demonstrates that the useful information is saved completely and fixed-pattern noise is as much as possibly reduced.
IV. DISCUSSION A. CONTRIBUTIONS
We propose the HTFPNR method for fixed-pattern noise reduction of OCT images. This method can efficiently reduce different types of the fixed-pattern noise in the OCT image of the tumors. Results demonstrate the enhanced performance of direction component attenuation and the reliable outcomes with regard to fixed-pattern noise reduction. The HTFPNR method provides a new approach to reduce the fixed-pattern noise of the coherence signal and tomographic image in FD-OCT system for the imaging of the tumorous tissue, this method can optimize FD-OCT imaging and enhance the quality of OCT images for the clinical application.
B. ADVANCES
The background and fixed-pattern noise reduction method comprises the filtering and HTFPNR method, respectively. The method has different results with regard to the coherence signal and fixed-pattern noise reduction. In our experiment, a median filtering showed that the attenuation coefficient reaches up to the high value. We find that the attenuation and suppression effect of the directed component is very significant; therefore, the useful information is enhanced to help to analyze and identify the tumorous tissue. Fixedpattern noise without overlapping useful information can be as possible as removed in the OCT images of ex vivo gastric tumor. Fixed-pattern noise has significant attenuation through the horizontal mean removal, while the useful information suffers some loss following noise reduction. To improve a removal effectiveness of non-useful information, we develop the HTFPNR method to detect the Hough lines in OCT images of the tumorous tissue. The NRR is always less than 1.00, it is demonstrated that this method can as much as possible remove fixed-pattern noise and completely save useful information; it has significant difference comparing to the histogram-based denoising algorithm [24] . Furthermore, it can be used into OCT image processing, especially in fixedpattern noise reduction of biological tumorous tissue.
For the different types of a fixed-pattern noise in the OCT images of ex vivo gastric tumor, our method is very efficient for the Pattern I. This type shows that fixed-pattern noise has no overlapping with the useful information, and the fixed-pattern noise usually lies in horizontal orientation. Our method can completely remove the fixed-pattern noise for the Pattern I. For the types of Pattern II and Pattern III, fixed-pattern noise usually lies in longitudinal orientation and overlaps on the useful information. Fixed-pattern noise can be as much as possibly reduced, and it is replaced with neighboring information (the interpolation of grayscale) to reach best approximation. In the different types of fixed-pattern noise, the method has an effectiveness of noise suppression. In the Pattern II or III, the variance of INR fi s has demonstrated the strong reflection on tumorous tissue surface can produce the high intensity of the fixed-pattern noise. Hence, we can set the appropriate situation to acquire high-quality OCT images based on appropriate situation. Furthermore, as previous described, the fixed-pattern noise has the feature of the quasi-line or straight line. We detect the Hough lines and reconstruct the fixed-pattern noises, then remove the noises. Similarly, our HTFPNR method also can be remove the noise, which has the feature of the quasi-line or straight line. This will be a wider range for more noise types to deal with in the future.
C. SOME LIMITATIONS
There are some further improved aspects of our HTFPNR method. Firstly, the evaluation approach of fixed-pattern noise reduction cannot be appropriately developed, and the effect of fixed-pattern noise reduction is simply judged intuitively. The high-quality OCT images will help us afford the real-time identification of the cancerous and non-cancerous tissue [6] , [7] . Subsequently, in the longitudinal fixed-pattern noise reduction, the interpolation will result in unreal information and distortion in OCT image. A more reasonable interpolation method should be developed. In the horizontal fixed-pattern noise, the edge or surface of a soft biological tissue will be like a straight line in some cases, we will develop more reasonable method to reduce this impact. Lastly, the choice of a window function is based on noise-eliminating effect of a common window. We choose the Taylor window after multiple trials of different window functions and use it in our background noise suppression algorithm. To achieve better effects of the fixed-pattern noise suppression, the window function will be reselected according to the actual situation.
V. CONCLUSION
In summary, we propose a HTFPNR method to eliminate fixed-pattern noise of OCT images. This method has been used into the OCT imaging for brainstem and gastric tumor. We conduct some evaluation experiments for validating the HTFPNR method. This method realizes the high-SNR effect on the three types of the fixed-pattern noise reduction. Results demonstrate the good performance of fixed-pattern noise reduction and the improvement of OCT image quality. The HTFPNR method will provide more intuitive-visual and high-quality imaging solutions for tumor imaging. Intraoperative in vivo, in situ OCT imaging and diagnosis for theranostics [9] - [12] , [37] , such as the integration of OCT and laser ablation system [9] of the tumorous tissue is an active and upcoming field of investigation, which will be applied to detect more microstructural information, especially, with regard to the real-time surgical guidance.
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